The preparation of polymer thin films or surface coatings that display a static water contact angle 18 > 95  often require hierarchical roughness features or surface functionalization steps. In 19 addition, inherently hydrophobic polymers such as fluoropolymers often possess relatively low 20 glass transition temperatures, reducing their application where thermal stability is required. 21
(NMI) via reversible addition-fragmentation (RAFT) mediated free radical polymerization is 23 presented, with a view towards the preparation of inherently hydrophobic polymers with a high 24 glass transition temperature. A suite of copolymers were prepared and characterized, and due to 25 the inherent rigidity of the maleimide group in the polymer backbone and π-π interactions 26 between adjacent PFS and NMI groups, very high glass transition temperatures were achieved 27 (up to 180 °C). The copolymerization of N-pentafluorophenylmaleimide was also performed, 28 also resulting in extremely high glass transition temperature copolymers, however these 29 polymers did not exhibit characteristics of being under RAFT control. Thin films of PFS-NMI 30 copolymers exhibited a static contact angle ~ 100 , essentially independent of the amount of 31 NMI incorporated into the polymer. 32
33

INTRODUCTION 34
The wettability of a solid surface, such as a polymeric thin film, is a property that is governed by 35 both the chemical composition of the surface and the presence of topographical features. [1] 36
Research into hydrophobic polymer surface coatings has become popular in recent times due to 37 the potential for these coatings to provide an enhancement of performance across a wide range of 38 fields. Hydrophobic surfaces are typically defined as those that have a water static contact angle 39 Typically the preparation of hydrophobic polymer surfaces has involved the use of a polymer 46 with a low surface energy (i.e. an inherently hydrophobic polymer), [6] the introduction of 47 hierarchical surface structures, [7] surface functionalization [8] or a combination of all of these. [ 
9] 48
The introduction of surface structures and surface functionalization limits the ease with which 49 these surfaces can be used on a large scale. Additionally, a number of these techniques are also 50 unsuitable for use on non-planar substrates. A popular route to the preparation of hydrophobic 51 polymers is fluorination. [10] However, fluorinated polymers tend to have low glass transition 52 temperatures (e.g. poly(2,3,4,5,6-pentafluorostyrene) ~ 80 °C, One vinyl homopolymer that is inherently hydrophobic is the polymer of 2,3,4,5,6-83 pentafluorostyrene (PFS), the surface of which has been shown to possess a high static contact 84 angle ( eq ~ 100°) and minimal contact angle hysteresis. [19] PFS is an electron poor monomer due 85 to the electronegativity of fluorine, and is known to polymerize with electron-rich monomers 86 (such as styrene) in an alternating manner. [20] This behaviour has been shown by Pugh et al.[21] to 87 be due to π-π interactions between arenes and fluoroarenes (such as styrene and PFS) that 88 possess molecular quadrupoles that are approximately equal in magnitude but opposite in sign, 89 promoting association during the copolymerization process. It is anticipated that π-π interactions 90 would exist in the copolymerization of PFS and an appropriately substituted maleimide such as 91 NMI, however this specific concept has not been examined. PFS and NMI have been previously 92 copolymerized using both free-radical and microwave initiation, [6] with reported reactivity ratios 93 indicating a preference for cross-propagation. 94
In numerous applications, the ability to systematically control the molecular weight of a 95 copolymer is highly desirable. Such control has been developed in recent times through the 96 advent of reversible deactivation radical polymerization (RDRP) techniques such as reversible 97 addition-fragmentation chain transfer (RAFT) polymerization, [22] To our knowledge, PFS and NMI have not been copolymerized previously via the RAFT 107 process. In addition, PFPMI has never been copolymerized using RAFT-mediated 108 polymerization, nor has the copolymerization of PFPMI with PFS ever been previously reported. 109
In this work, we report the synthesis, characterization and properties of NMI-PFS copolymers 110 prepared via RAFT-mediated solution polymerization across a range of comonomer ratios, in 111 addition to PFPMI-based copolymers prepared using a similar approach. The performance of 112 these polymers with respect to wettability and thermal properties was examined, in particular as 113 a function of copolymer composition. 114
115
RESULTS AND DISCUSSION 116
Synthesis and Characterization of Copolymers via RAFT Polymerization 117
In this work, copolymers of PFS and a substituted maleimide (either NMI or PFPMI) were 118 prepared via RAFT-mediated solution polymerization and subsequently characterized (see 119 Scheme 1). In the case of PFS/NMI copolymerization, a suite of copolymers were prepared 120 ranging from 0 -0.5 mole fraction of NMI in the monomer feed, in order to ultimately examine 121 the influence of copolymer composition on both thermal properties of the polymer and its 122 hydrophobicity as a surface coating (see Table 1 a Determined from 1H NMR spectra taken after polymerization, bPredicted based on reactivity ratios elucidated by Agarwal et al [6] , cMeasured relative to poly(styrene) standards via calibration, dThe temperature required to reach 10% and 50% mass loss respectively.
Copolymers of PFS and NMI were found to have number-average molecular weight ranging 128 from 9.8 to 25 kDa (relative to linear polystyrene standards) and, with the exception of the PFS 129 homopolymer (Sample 1), possessed monomodal molecular weight distributions (see Table 1 and 130 Figure 1A ). SEC analysis of all PFS-NMI copolymers revealed relatively narrow dispersities 131 (Đ ≤ 1.26 in all cases). There was no obvious correlation between Mn and comonomer 132 composition, which differs from the work of Agarwal et al., [6] where molecular weight was 133
shown to increase with increasing mole fraction of NMI in an AIBN-initiated solution 134
polymerization. There was an increase in the fractional conversion of both monomers upon 135 increasing the mole fraction of NMI (see Table 1 ), suggesting a co-operative effect in the 136 copolymerization of the two monomers. 137
The copolymerization of PFPMI with PFS and styrene (Samples 7 and 8 in Table 1) yielded 138 polymers with Mn = 23.5 kDa and Mn = 39.7 kDa respectively with effective incorporation of 139 both monomers, however the molecular weights distributions were comparatively broad (Đ = 140 2.68 and 2.07 respectively; see Figure 1B ). These dispersities are significantly higher than would 141 be expected for a RAFT-mediated polymerization,[22a] and the attempted chain extension of 142 Sample 8 with additional styrene was unsuccessful (i.e. there was no evolution of the molecular 143 weight distribution). These results indicated potential loss of the dithiobenzoate end-group 144 during polymerization, preventing effective control over the resultant molecular weight 145 distribution. We postulate that residual impurity from the PFPMI synthesis (N-146 pentafluorophenylmaleamic acid) may have degraded the CPADB in solution, resulting in an 147 uncontrolled radical polymerization, as observed here. 148 149 Figure 1 . Height normalized SEC distributions of A) Six PFS and NMI polymer samples described in Table 1, B) 150 PFPMI copolymer samples described Table 2.   151   152 Characterization of the copolymers was further performed using 1H and 19F NMR spectroscopy, 153 in addition to XPS, in order to confirm the chemical composition of the polymers. Determination 154 of fractional conversion of the two monomers typically indicated a slight enrichment of PFS 155 units in the copolymer, which was more apparent at higher mole fractions of NMI. This was in 156 good agreement with the composition as determined by XPS, where the F/N atomic ratio was 157 used to calculate the copolymer composition (see Figure S1 and Table S1 in Supporting 158 Information). The slight enrichment in PFS is expected based on the published reactivity ratios 159 for NMI/PFS copolymerization of r1 (NMI) = 0.28 and r2 (PFS) = 0.86, which confirms the 160 preference for PFS to add to a growing polymer chain. [6] The instantaneous copolymer 161 compositions (as predicted by the Lewis-Mayo equation using these reactivity ratios) were in 162 good agreement to the experimentally determined composition (see Table 1 ). The reactivity 163 ratios are postulated to be due to significant steric hindrance around the NMI unit during chain 164
propagation, in addition to the resonance stabilization generated from a terminal PFS radical. As 165 the product of the two reactivity ratios is 0.24 and both values are low, PFS and NMI have a 166 tendency towards alternation and are more likely to cross-propagate with each other, rather than 167 self-propagate. [28] Analysis of the PFPMI-based copolymers (Samples 7 and 8) showed highly 168 different behaviour depending on whether PFS of styrene was the co-monomer; 169 copolymerization with PFS resulted in an enrichment of PFS in the polymer, whereas PFPMI 170 was enriched in the polymer relative to the feed when styrene was used. The aliphatic region of 171 the 1H NMR spectrum of all copolymers consisted of the anticipated resonances of backbone 172 protons due to PFS (between 1.5 and 2.8 ppm) and NMI/PFPMI (between 3.0 and 4.2 ppm) units 173 in the polymer chain. [6, 21, 26] 174
The tendency for alternating copolymerization of PFS and NMI can potentially be explained in 175 terms of π-π interactions between the aromatic ring of NMI and the fluorinated aromatic ring of 176 PFS. The highly electronegative nature of fluorine means that significant electron density is 177 shifted away from the ring, resulting in a quadrupole moment (see Scheme 2). The aromatic ring 178 in the NMI results in the formation of a quadrupole moment that is similar in magnitude, but 179 opposite in sign to that of the perfluoroarene [29] . The result of the polarization of these ring 180 systems is an intermolecular interaction that is of "similar strength to a weak hydrogen bond"[21, Nevertheless, we were able to record 2D 1H-1H NOESY data, 1H-13C HSQCme/HMBC spectra 210 and 19F-13C HSQC/HMBC spectra to assist our interpretation of the data (see Figures S3 -S7,  211 Supporting Information). The 1H-13C HSQCme experiment ( Figure S3 
Thermal Properties 229
The glass transition temperature (Tg) of the PFS-NMI copolymers was found to increase 230 significantly with the incorporation of NMI as comonomer. The Tg increased from 93°C for pure 231 PPFS to 180°C for the copolymer with 37 mol% NMI (Sample 6; see Table 1 Tg's for copolymers of styrene and PFS relative to predicted values, which they attributed to 244 intramolecular π-π interactions [21] . Such interactions would increase the stiffness of the PFS-NMI 245 copolymer chains, which would lead to a further increase in Tg in addition to the increase caused 246 by the incorporation of NMI. This explanation is further supported by the fact that the deviation 247 of the Tg from predicted is greatest when the PFS:NMI ratio approaches unity. 248
Tg values for the PFS-PFPMI and styrene-PFPMI copolymers were found to be 145 °C and 193 249 °C respectively (see Table 1 ). Given that the Tg of poly(styrene) is 107 °C, [33] it is clear that the 250 incorporation of PFPMI into the backbone of both copolymers backbone increases the Tg quite 251 Thermogravimetric analysis revealed that the PFS-NMI copolymers undergo a fairly rapid 257 decomposition at high temperature and that the incorporation of NMI results in a second, more 258 gradual decomposition at high temperatures (see Figure 3B ). Relative to the PFS homopolymer, 259 the incorporation of NMI leads to a significant reduction of ~ 40 °C in the temperature where the 260 first, rapid decomposition occurs (see Table 1 ). NMI-based polymers are reported to have two 261 possible mechanistic pathways to degradation; (i) random chain scission preceding inter-and 262 intra-molecular hydrogen radical transfer, and (ii) imide-isoimide rearrangement followed by the 263 ejection of CO2 [34] . The formation of imides upon thermal degradation of copolymers containing 264 NMI units is a potential cause of the more gradual copolymer decomposition at high 265 temperatures with an increasing proportion of NMI units. [6] TGA of the PFPMI copolymers 266 showed a two-stage decomposition profile, and it is anticipated that these copolymers undergo a 267 similar thermal degradation process given the structural similarity of PFPMI and NMI (see 268 Figure S8 Table   272 1.
273
Thin Film Fabrication and Wettability. 274
Thin films were prepared via spin coating of the PFS homopolymer and PFS-NMI copolymer 275 from acetone at a concentration of 10 mg mL-1. For the majority of these layers, the film 276 thickness was not able to be determined via ellipsometry due to the extremely poor fit of the 277 obtained data to a monolayer model with Cauchy absorption profile. A good ellipsometric fit was 278 obtained for Sample 6 ( Figure S9 , Supporting Information), with an estimated film thickness of ~ 279 41.8 (± 0.3) nm. The poor fit for the majority of surfaces was attributed to the roughness of the 280 as-prepared surfaces relative to the apparent thickness of the films, [35] as confirmed by AFM 281 topographical analysis. 282
The RRMS values of the as-prepared films generally decreased with an increasing proportion of 283 NMI in the copolymer surfaces, from 48.5 nm for pure PPFS to 10.7 nm for the copolymer 284 surface with 37 mol % NMI (see The increasing amount of π-π interactions between PFS and NMI units when these polymers are 296 prepared as a film (both inter-and intramolecular interactions) may also partially explain the 297 observed surface structuring. 298
Static and dynamic water contact angle measurements were performed on the as-cast films. It 299 was anticipated that the contact angle would decrease upon incorporation of NMI due to polar 300 groups in the maleimide unit, however no obvious trend in the static contact angle was observed 301 (see Table 2 ). In addition, the measured static contact angles reported here were lower than those 302 reported by Agarwal et al., [6] who prepared films from a 50:50 v/v mixture of THF and 303 dimethylformamide. We attribute the variation in these contact angle values to the high degree of 304 roughness and structuring present within the polymer film. To address this issue, the PFS-NMI 305 films were thermally annealed for an hour at a temperature 20 °C greater than the bulk Tg of the 306 copolymer, in order to allow polymer chains within the film to move towards their equilibrium 307 conformation. This annealing step resulted in a significant increase in the static contact angle of 308 all surfaces studied (see Table 2 and Figure 4) , as well as an increase in the advancing and 309 receding contact angles (with a reduction in contact angle hysteresis). The variation in the static 310 contact angle as a function of NMI content was extremely small, with a measured contact angle 311 of 101.7 ° for the PFS homopolymer, through to 96.8 ° for Sample 6 (with the highest NMI 312 content). It is hypothesized that regardless of copolymer composition, the lower surface energy 313 fluorinated groups from the PFS were able to migrate to the polymer-air interface upon thermal 314 annealing, [37] and upon cooling this new surface morphology was maintained. Surface structuring 315 was removed or greatly reduced post-annealing (see Figure 4) , which supports the concept of 316 chain reorganization when heated above the Tg. This result demonstrates the facile method that 317 thermal annealing represents in the preparation of hydrophobic, highly glassy copolymers. 318
Both as-cast PFPMI copolymer thin films had static contact angles with water that were greater 319 than 90° and relatively low contact angle hystereses compared to that of the PFS-NMI surfaces 320 (see Table 2 ). The highly fluorinated PFS-PFPMI copolymer surface had the higher static contact 321 and lower contact angle hysteresis compared to the styrene-PFPMI surface, however there was 322 little benefit with respect to increased contact angle relative to NMI-based copolymer films. 323
These films were also shown to delaminate upon exposure to water for more than five minutes, a 324 phenomenon which was suppressed upon thermal annealing of the films in a manner analogous 325 to the PFS-NMI copolymers. There was only a minor change in the static contact angle upon 326 thermal annealing of PFPMI-based surfaces, coupled with no significant variation in surface 327 topography or roughness (see Figure S12 , Supporting Information). 328 329 332 Table 2 . Static and dynamic water contact angle data for PFS-NMI and PFPMI-based copolymers. When prepared as spin-cast films, PFS-NMI copolymers demonstrated highly structured and 358 rough surfaces by atomic force microscopy. These surface features were reduced upon thermal 359 annealing of the films, which additionally resulted in an increase in the water static contact angle 360 of the surfaces. Despite up to 37 mol % NMI present in the polymer backbone, the surfaces were 361 hydrophobic and displayed a static contact angle only a few degrees lower than that of the PFS 362
homopolymer. This result demonstrates a potentially simple method of preparing hydrophobic 363 polymer surface coatings that also possess a very high glass transition temperature, which is 364 uncommon. We anticipate that, given their high glass transition temperature, thermal stability 365 and hydrophobic nature, these materials will be of interest for surface coatings where both 366 hydrophobicity and long-term stability are required, such as environmentally protective coatings, 367 self-cleaning materials and anti-fouling surfaces. 
